Mitochondrial calcium plays a crucial role in mitochondrial metabolism, cell calcium handling, and cell death. However, some mechanisms concerning mitochondrial calcium regulation are still unknown, especially how mitochondrial calcium couples with cytosolic calcium. In this work, we constructed a novel mitochondrial calcium fluorescent indicator (mito-GCaMP2) by genetic manipulation. Mito-GCaMP2 was imported into mitochondria with high efficiency and the fluorescent signals co-localized with that of tetramethyl rhodamine methyl ester, a mitochondrial membrane potential indicator. The mitochondrial inhibitors specifically decreased the signals of mito-GCaMP2. The apparent K d of mito-GCaMP2 was 195.0 nmol/L at pH 8.0 in adult rat cardiomyocytes. Furthermore, we observed that mito-GCaMP2 preferred the alkaline pH surrounding of mitochondria. In HeLa cells, we found that mitochondrial calcium ( ] mito did not respond to cytosolic calcium transients stimulated by electric pacing or caffeine. In permeabilized cardiomyocytes, 600 nmol/L free Ca 21 repeatedly increased the fluorescent signals of mito-GCaMP2, which excluded the possibility that mito-GCaMP2 lost its function in cardiomyocytes mitochondria. These results showed that the response of mitochondrial calcium is diverse in different cell lineages and suggested that mitochondria in cardiomyocytes may have a special defense mechanism to control calcium flux.
Introduction
Calcium plays an important role in mitochondrial functions, such as the regulation of ATP production by modulating three key Ca 2þ -sensitive dehydrogenases involved in the citric acid cycle [1] , the modulation of cytosolic calcium signaling by sequestrating local and whole cellular Ca 2þ [2] , and the induction of apoptosis by releasing cytochrome c [3] . The two main mechanisms of mitochondrial Ca 2þ uptake include the electrogenic mitochondrial Ca 2þ uniporter and the rapid mode of uptake (RAM). The electrogenic mitochondrial Ca 2þ uniporter depends on the mitochondrial membrane potential (4C) and cytosolic Ca 2þ concentration [4] . To date, the characteristics of the uniporter have been studied, but the actual proteins involved are unknown [5] . In contrast, although the RAM recovers slowly after activation, it transports Ca 2þ 300 times faster than the uniporter [4] . To maintain the homeostasis of mitochondrial Ca 2þ , there are also two distinct mechanisms of mitochondrial Ca 2þ efflux, Na þ -dependent and Na þ -independent pathways. These two mechanisms display different kinetics of calcium outward transport and different sensitivities to inhibitors. The Na þ -dependent pathway is mediated by the mitochondrial Na þ /Ca 2þ exchanger (mNCX) [4] . Due to the significant role of calcium in mitochondria, the detection of Ca 2þ levels has become an important area of interest. Although several different calcium fluorescent dyes have been developed, the first genetically encoded calcium indicator (GECI) was introduced over 10 years ago [6] . GECIs are classified into two types [7] . The first is the Förster resonance energy transfer (FRET)-based GECI. For FRET-based GECI, the energy transfer occurs between fluorescent donor and receptor proteins. The Ca 2þ -dependent interaction between the components of the indicator, namely calmodulin and the M13 peptide, moves the donor and receptor closer, resulting in Ca 2þ -dependent increase in FRET [6] . In the second type, the circular permutation (cp)-based GECI, a single circular permutation fluorescent protein is fused with calmodulin and M13 at an insertion permission site. Binding of Ca 2þ to calmodulin alters the protein conformation resulting in an increase in fluorescence [8] [9] [10] . The focus of this study is the calcium indicator, GCaMP2, which belongs to the latter category of cp-based GECI [11] . Compared with the traditional calcium fluorescent dyes, GECI allows calcium imaging in vivo to understand the complex physiology and pathophysiology [11 -13] . Furthermore, GECI can be specifically targeted to different subcellular locations by genetic engineering [6, [14] [15] [16] [17] , which allows for characterization of spatial and temporal regulation of calcium signaling.
Some conflicting opinions exist in the field of mitochondrial calcium. For example, whether [Ca 2þ ] mito can respond to the very rapid changes in [Ca 2þ ] cyto during the cardiac cycle of excitation -contraction coupling is controversial [18] [19] [20] [21] [22] [23] . In order to clarify this issue, we constructed and characterized a mitochondrial calcium fluorescent indicator, mito-GCaMP2. With this unique tool, we investigated the mitochondrial calcium influx in HeLa cells and rat cardiomyocytes. Our data showed that the response of mitochondrial calcium uptake was dependent on cell type. Interestingly, unlike the mitochondria of HeLa cells, cardiomyocyte mitochondria had a special mechanism to maintain the calcium homeostasis of the matrix, which is essential for physiological function of cardiomyocytes.
Materials and Methods

Construction of pcDNA3.1-mito-GCaMP2
A DNA sequence including a mitochondrial targeting sequence (Mt4: the first 12 amino acids of subunit IV of yeast cytochrome c oxidase, accession number NP_011328) with a linker containing sites for HindIII and BamHI was synthesized by Invitrogen (Shanghai, China). The synthesized product was digested by HindIII and BamHI, cloned into pcDNA3.1, and named as pcDNA3.1-mito. The sequence of GCaMP2 (accession number DQ381402) was amplified from pCMV-GCaMP2 (a kind gift of Prof. Guangju Ji, Institute of Biophysics, Chinese Academy of Science, Beijing, China) with primers containing endonuclease sites for BamHI and EcoRV, and cloned into pcDNA3.1-mito. The final plasmid was named as pcDNA3.1-mito-GCaMP2.
Recombinant adenovirus production
The adenovirus was produced using the AdEasy Adenoviral Vector System (Strategene, Santa Clara, USA). Briefly, the mito-GCaMP2 was digested from pcDNA3.1-mito-GCaMP2 by HindIII and EcoRV, and cloned into the pShuttle-CMV vector. The recombinant plasmid pShuttle-CMV-mito-GCaMP2 was transformed into BJ5183-AD competent cells by electroporation to produce a recombinant adenovirus plasmid, which was digested by PacI. The product of digestion was purified and transfected into HEK293A cells. After incubating the cells at 378C for 7-10 days, the primary viral stock was harvested. The adenovirus was named as Ad.m-GCaMP2.
Cell culture and adenoviral infection
HeLa cells and WI38 cells ( purchased from American Type Culture Collection, Manassas, USA) were cultured in Dulbecco's modified Eagle's medium (Hyclone, South Logan, USA) and supplemented with 10% fetal bovine serum. Single cardiac myocytes were isolated from the hearts of 2 to 3-month-old Sprague Dawley rats using a standard enzymatic technique [24] , and were plated on coverslips coated with 10 mg/ml laminin. The culture medium was medium 199 (Sigma, St. Louis, USA) plus 5 mmol/L creatine, 2 mmol/L L-carnitine, 5 mmol/L taurine, 0.1% insulin/transferrin/selenium-X, 1% penicillin and streptomycin, and 25 mmol/L 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES) ( pH 7.4 at 378C). Cells were kept at 378C in an atmosphere of 5% CO 2 . Experiments were performed in cells cultured for 48 h following infection. Procedures were performed according to Guiding Principles in the Care and Use of the Animals approved by the IACUC of Peking University. 21 imaging Cells were infected with Ad.m-GCaMP2 at a multiplicity of infection of 10 and cultured for 48 h following infection. Before imaging, cells were loaded with 10 mmol/L Ca 2þ indicator Rhod-2 AM (Invitrogen) or 500 nmol/L tetramethyl rhodamine methyl ester (TMRM, an indicator of mitochondrial membrane potential) for 10 min, and were placed in a custom-designed recording chamber. After recording the baseline of fluorescence intensity, the cells were treated with 100 mmol/L histamine or 5 mmol/L thapasigargin, or 10 mmol/L caffeine. Mito-GCaMP2 and Rhod-2/TMRM were excited at 488 and 543 nm, respectively, and their fluorescence emissions were collected at 505-530 and .560 nm, respectively, with a Zeiss 510 inverted confocal microscope (Carl Zeiss, Oberkochen, Germany) with 40Â oil immersion lens (NA 1.3).
Confocal Ca
Calibration of mito-GCaMP2
Adult rat cardiomyocytes expressing mito-GCaMP2 were permeabilized with 50 mg/ml saponin and 1 mM ionomycin and treated with internal solution (IS) contained a range of Ca 2þ (from 3 Â 10 29 to 1 Â 10 25 mol/L at pH 8.0). Fluorescent intensity was recorded on excitation at 488 nm.
Data were fitted with the following equation: To avoid the artifacts caused by myocyte contraction, the external solution was supplemented with 25 mmol/L blebbistatin.
Permeabilization of HeLa cells and cardiomyocytes
HeLa cells/adult rat cardiomyocytes infected with Ad.m-GCaMP2 were washed and balanced with IS containing 0.5 mmol/L EGTA, and permeabilized with 50 mg/ml saponin for 30 s, then washed with IS again. The permeabilized cells were imaged by confocal microscopy. After recording the basal calcium level, local 100 mmol/L (in HeLa cells) or 600 nmol/L (in cardiomyocytes) free Ca 2þ was used as a treatment. The 600 nmol/L free Ca 2þ IS was prepared by adding 37.01 ml 10 mmol/L Ca 2þ solution into 1 ml IS.
Image processing and data analysis Off-line image processing was performed using IDL 6.0 software (Research Systems Co., Sunnyvale, USA). Data were expressed as means + SEM. Two-tailed unpaired Student's t-test and one-way ANOVA were applied when appropriate. A P value , 0.05 was considered statistically significant.
Results
Construction and characterization of a mitochondrial calcium fluorescent indicator According to the strategies used before [15, 17, 18, 20] , we constructed a mitochondrial calcium fluorescent indicator by adding the mitochondrial targeting sequence before the sequence of a genetically encoded calcium indicator, GCaMP2, and named the new indicator, mito-GCaMP2 [ Fig. 1(A) ]. To obtain efficient expression of the mito-GCaMP2 in multiple cell types, we packaged it as an adenovirus, Ad.m-GCaMP2. As shown in [ Fig. 1(B) ], mito-GCaMP2 was expressed in different cell types such as adult rat cardiomyocytes, fibroblasts (WI-38 cells), and HeLa cells. Furthermore, the fluorescent signaling of mito-GCaMP2 co-localized with TMRM, showing that it was targeted into mitochondria with high efficiency.
To further verify the mitochondrial origin of the mito-GCaMP2 signals, we treated HeLa cells expressing mito-GCaMP2 with 1 mmol/L carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) and 10 mmol/L oligomycin, which depolarize the mitochondrial membrane. As we know, mitochondrial calcium depends on mitochondrial membrane potential, and the mitochondrial membrane depolarizaion will decrease mitochondrial calcium. As shown in [ Fig. 2(A) ], the signal of mito-GCaMP2 declined with the mitochondrial inhibitors.
To calibrate mito-GCaMP2, adult rat cardiomyocytes expressing mito-GCaMP2 were permeabilized and perfused with internal solution containing a range of Ca 2þ at pH 8.0. Ca 2þ titration of mito-GCaMP2 was fitted with a monophasic curve [ Fig. 2(B) ]. Apparent K d was 195.0 nmol/L, which is similar to that in neonatal cardiomyocytes (at pH 7.5) [17] .
Mito-GCaMP2 was excited at two wavelengths, 488 and 405 nm. Only the emission excited at 488 nm was calcium dependent, while the emission excited at 405 nm was calcium independent. Thus, mito-GCaMP2 permits a ratiometric measurement by performing a dual wavelength excitation (488/405 nm). As the fluorescent indicators based on green fluorescent protein are sensitive to pH [25] , we investigated the response of mito-GCaMP2 to pH. It is reported that mitochondrial pH is about 8.0 [26] . As shown in Fig. 2(C) , the fluorescence intensity of mito-GCaMP2 approached the maximum near pH 8.0. High fluorescence intensity is benefit to improve the signal-to-noise ratio. Furthermore, near pH 8.0, the slight change of pH dose not lead to violent fluctuation in the fluorescence intensity.
Thus, mito-GCaMP2 can be used to measure [Ca 2þ ] mito accurately.
Mitochondrial calcium response in HeLa cells
As HeLa cells are widely used in calcium signaling research [6, 15, 27] , we first utilized HeLa cells to investigate the mitochondrial calcium response by using Ad.m-GCaMP2. After recording the baseline, the cells were treated with 100 mmol/L histamine (an IP3R activator) or 5 mmol/L thapasigargin (a Ca 2þ -ATPase inhibitor). As shown in Fig. 3(A,B) , only the fluorescent signals excited at 488 nm were increased, but those excited at 405 nm did not. These results showed that mitochondrial calcium signaling was coupled with cytosolic calcium signaling in HeLa cells. A similar effect was also observed in HepG2 cells (data not shown).
Next, we directly elevated [Ca 2þ ] cyto levels by adding 100 mmol/L free Ca 2þ to HeLa cells permeabilized by 20 mg/ml saponin. As shown in Fig. 3(C) , the fluorescence signal of mito-GCaMP2 was increased significantly, while the mitochondrial membrane potential dropped.
Mitochondrial calcium in cardiomyocytes is strictly controlled under physiological conditions Calcium signaling and mitochondrial metabolism are pivotal for cardiac function [28, 29] . Rhod-2 and mito-GCaMP2 were used to simultaneously investigate the signals of [Ca 2þ ] mito and [Ca 2þ ] cyto in adult rat cardiomyocytes. In addition, a transient signal from mito-GCaMP2 was detected when cardiomyocytes were paced with 2 Hz electric stimulation [ Fig. 4(A contraction. Under these conditions, mitochondrial calcium signal disappeared while cytosolic calcium transient remained the same [ Fig. 4(A) ]. Furthermore, a similar phenomenon was observed in neonatal rat cardiomyocytes with auto-rhythmic cytosolic calcium transients ( Supplementary Fig. S1 ). However, GCaMP2 includes a MLCK peptide and calmodulin within the molecule, which are plausible targets of a myosin inhibitor like blebbistatin. To exclude the possibility that blebbistatin inactivates mito-GCaMP2, we incubated the HeLa cells with 25 mmol blebbistatin and treated the cells with 100 mmol histamine. As showed in Fig. 4(B) , the responses of mitochondrial calcium showed no significant difference between two groups. Furthermore, we performed Langendoff perfusion with the heart from transgenic mouse cardiac-specifically expressing GCaMP2. GCaMP2 signals corresponding to cytosolic calcium transients were still detected when the heart was perfused with the solution contained 10 mmol/L blebbistatin ( Supplementary Fig. S2 ). This indicated that blebbistatin did not inactivate cytosolic GCaMP2 either.
A high concentration of caffeine could empty the sarcoplasmic reticulum (SR) Ca 2þ content instantaneously and increase the [Ca 2þ ] cyto sharply [ Fig. 5(A) ]. However, this intense treatment had no apparent effect on [Ca 2þ ] mito . To verify whether mito-GCaMP2 worked in cardiomyocyte mitochondria, cardiomyocytes were permeabilized with 20 mg/ml saponin and treated with internal solution containing 600 nmol/L Ca 2þ . As shown in Fig. 5(B) , the mito-GCaMP2 signal was increased in response to this treatment. It is interesting that the fluctuation of [Ca 2þ ] cyto during calcium transients and caffeine-inducing SR Ca 2þ release was far higher than 600 nmol/L. All these results indicated that mitochondrial calcium levels in cardiomyoctes were strictly controlled to maintain the homeostasis of mitochondrial physiological function.
Discussion
In this work, we developed a novel mitochondrial calcium fluorescent indicator, mito-GCaMP2. We characterized and calibrated mito-GCaMP2 in the different cell lineages. Our data indicated that mito-GCaMP2 can be targeted into mitochondria with high efficiency in multiple cell types. HeLa cells expressing mito-GCaMP2 showed that mitochondrial calcium coupled with cytosolic calcium changes. However, intact rat cardiomyocytes did not. Thus, using the same calcium imaging system, we demonstrated that mitochondrial calcium dynamic differed in different cell types. In mitochondrial calcium research, the technical approach is always an important variable. Some fluorescent Ca 2þ dyes can be loaded into cells and within mitochondria via their membrane-permeable acetic acid methyl esters. They are selectively removed from the cytosolic compartment by several approaches. Then, the remaining fluorescent signal is due to intramitochondrial dyes. In earlier studies, Mn 2þ was used to quench the cytoplasmic signals in cells loaded with Indo-1 [30] . However, as a divalent cation, Mn 2þ competes with Ca 2þ to inhibit mitochondrial Ca 2þ uptake by the mitochondrial Ca 2þ uniporter and inhibits Na þ -dependent Ca 2þ efflux from mitochondria via the mNCX. Subsequently, a cold-loading/warm-incubating protocol was used to load Rhod-2 into mitochondria [31] . However, with this approach substantial amounts of the dye accumulated in organelles other than mitochondria, hampering the interpretation of the fluorescence changes. Some studies were performed in permeabilized cells [32] ; however, this disturbs the cell's internal environment. In our study, intact and permeabilized cardiomyocytes showed different mitochondrial calcium reactivities. In order to overcome these obstacles, we generated an adenovirus expressing a genetically encoded calcium indicator targeted into mitochondria of mammalian cells. We showed here that the new indicator simplified mitochondrial calcium measuring and improved both the specificity and reproducibility.
As a result, mito-GCaMP2 is a more reliable method than other previously published methods.
The role of beat-to-beat changes (repetitive rapid increases) of mitochondrial calcium is often the subject of intense debate [18] [19] [20] [21] [22] [23] . They have been detected in rabbit ventricular cardiomyocytes [31] and guinea-pig myocytes [22] , but not in rat [22] , hamster [33] , ferret, and cat myocytes [23] . This suggests that species differences may be an important factor to consider in these studies. These observations also suggest that beat-to-beat changes in mitochondrial calcium are not a universal phenomenon in cardiomyocytes, and their role in the regulation of mitochondrial function may not be as important as previously speculated. In fact, sometimes we could not exclude the artificial mitochondrial calcium transients caused by the contraction of cardiomyocytes. In our experiment, we found that a beat-to-beat signal was recorded when cell contraction was not controlled; however, this kind of signal was inhibited by blebbistatin (blebbistatin inhibits cells contraction by blocking myosin II, but does not disturb cytosolic calcium signaling). Furthermore, beat-to-beat changes of [Ca 2þ ] mito were not detected in autorhythmic neonatal rat cardiomycytes ( Supplementary  Fig. S1 ). After ruling out possible artificial signals, it seemed that the [Ca 2þ ] mito was strictly controlled, which may be a defense mechanism to maintain homeostasis of the mitochondrial matrix by avoiding the strong oscillation of cardiomyocyte [Ca 2þ ] mito . In addition, there are reports that isoproterenol and high pacing frequency could induce the accumulation of mitochondrial calcium gradually [18, 19, 30] . One explanation may be that b-adrenergic activation generates larger systolic transients in cytosolic calcium. However, according to our experiment with caffeine, increasing the amplitude of cytosolic calcium transients could not induce the increase of [Ca 2þ ] mito . Another possible explanation is that b-adrenergic activation would directly modify the mitochondrial calcium channel. Therefore, the influx of calcium could be subtly regulated. Because mitochondrial outer membrane permeabilization and apoptosis [27] . As discussed above, [Ca 2þ ] cyto changes could not induce the increase of mitochondrial fluorescent intensity in cardiomyocytes. It is possible that other regulating partners or subcellular structures could be involved, which should be investigated in future studies.
In conclusion, we have developed a genetically encoded mitochondrial calcium indicator, mito-GCaMP2. With this novel tool, we investigated the mitochondrial calcium signaling in HeLa cells and rat cardiomyocytes. Our results showed that mitochondrial calcium displayed different influx dynamics in the two cell types, and that cardiomycytes mitochondria are insensitive to cytosolic Ca 2þ recycles. Therefore, we speculate that there is a special mechanism to maintain cardiomyocytes mitochondrial calcium homeostasis. There is evidence that Ca 2þ -and mitochondria-dependent cardiomyocyte loss play an important role in heart diseases [36] . Our results suggest that this regulatory mechanism of mitochondrial calcium may be a potential therapeutic target in cardiomyocytes.
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